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Al)s(ract

‘1’() ICSL the hypothesis that the indcpcndcnt scattering c~ilcula(ion  widely used to
model radiative tr:insfcr in atmospheres and clouds  will give a useful approxi-
mation to the intensity and linear p(dariz,ation  of visible light scattcrcd from m
optical 1 y thick sul:f(me of ?ranspar(wt  particles, laboratory mcasurcmcnts arc
c(mparcd  10 the indcpcndcnt scattering calculation for a surface of sphc.rical
particles with known optical constants and size (Distribution. Bccausc tbc shape,
sim distribution, and optical constants of the particles arc known, the indcpcn-
dcnt sc.altering calculation is completely dctcrmincd  :ind the only remaining
unknown is the net effect of the clmc packing of the partic]cs  in the laboratory
Sample Surface. ‘l’he size distribution and porosity of the surface arc chosen to
bc similar to those for the p:irticlcs  that dcminatc visib]c light scattering in the
lunar rcgolith. I’hc linear polarization  mcasurcmcnts arc WCI1 matchc(i by the
indcpcndcnt scattering calculation. Qualitatively, the intensity calculations an(l
mcasurcmcnts  exhibit similar overall shape and :igrcc quantitatively at phase
angles near 1() dcgrccs. Rut at moderate to large phase angles, especially for
60 dcgrccs emission angle, the calculated intensities cxccc(i the measured inlcn-
sitics  by >20%. ‘1’his diffcrcncc  is a mcfisurcmcnt  of the net effect of close
packing of particles in a high alhcdo  surface which should  bc of interest to a
number of rcscarchcrs. Overall, wc cmcludc  that the indcpcn(lcnt  scattering
calculation gives a good approximation to the. linear polarization and a mcful
estimate of the intensity, when the modcr[itc effects of C1OSC packing arc rccog-
nizc(].  The indcpcndcnt scat tcring calculation should prove to bc a uscfu] tool
for extracting quantitative information on particle composition and siz,c distribu-
tion from phot(mctric,  Imlarimctric,  and spcclral  remote sensing mcasurcmcnts
of tbc high albcdo  rcgoliths of some icy satellites in the outer solar systcm.  An
appcmdix  shows that the backward scattcrcd  intensity is significantly un(icrcs-
limatcd  if the isotropic multiple scattering approximation is used instead of the
exact (kmbling  calculation for multiple scattering by these anisotmpic particle
phase functions.



lntrodudion

onc  of the most itnpmlant techniques for sludying  the planetary surfaces is
quantitative mcasurcmcnt  and inlcrprctation of the light scatlcrcct from tbcnl.
Both ground-based obscrvatims  and spacecraft rc.connaissancc  of solar systcm
bodies cmtributc  to the rapidly accumulating database of planetary surface pho-
tometry and polarimctry. I.ikc the lunar surface, many planetary surfaces con-
sist of an optically thick layer of par[icu]atc  debris, or rcgolith,  that is the net
result of impact pmccsscs  working the surf:tcc. Cmscqucntly,  mo(lcls  tha t
quantitativc]y dcscribc the scattering of light by par[icula[c  surfaces arc of fun-
damental  impmlancc  10 planetary scicncc.

in a planclary atmosphere, the gas molcculcs, aerosol and cloud par[iclcs arc
suf(icicntly well separated that they can bc assumed to scatter “i]](lcpcl](lcl~tly”.
Van dc IIu]st (1957) estimates tb:it a mean intcrparticlc  distance of 3 times the
parliclc radius is a “sufficient condition for indcpcndcnt  scat(cring”. w h e n

indcpcndcnt scattering is valid,  cacb particle resides in the “far- fic]d”  radiation
pattern of its neighbors and the electric :ind m:ignctic  flcld v e c t o r s  :idd
incohchcrcntly  without
transfer techniques can
sc:ittcrcd light measured
scn :ind Tr:ivis,  1974).

rcg:ird to p h a s e  diffcrcnccs. IWiblishcd  radiative
bc used to c:ilcul:itc the intensity :ind polari~:ition  of
by a remote observer (e.g. C;l]:il~clrasckll:ir,  1960; I1an-

ln a pl:inctm-y  rcgolith, thcparlic]cs  :irc supported byphysic:tl  cont:tct  with their
ncighbms. If they arc much larger than a wavelength :ind }l:ivc sigi]ificant  opa-
city, they can c:ist shadows on each other and the indcpcndcnt  scattering
assumption is not applicable. IIapkc (1963, 1966, 1981, 1986) a n d  lrvinc
(1966)  rcporttcchlli[]  ~lcsfor il~cl~](lil~g  il~tcrp:irticlc  sh:l(lowir~gil]  scattcringcal-
cul:itions. Much attention has rcccntly focusc(i on “cohcrcnt  b:ickscattcr”
(llapkc,  1990; Mischcnko, 1992; Peters 1992), a phenomenon rcl;itcd to the
brc:ikdown  of indcpcndcnt  scattering conditions at very small phase :inglcs. It
is ii compelling explanation of tbc unusual r:idar properties of the Clalilcan
salcllitcs.  At visible w:ivc]cngths,  it may bc rcspcmsiblc  for the strong surge in
the brightness of Titania  and Obcrm :it phase :inglcs < 0.5 dcgrcc  (llapkc,
1 990).

“lo pmiucc  the high albcdo rcgoliths of the icy satellites of the outer planets,
C.g. IhlccladLls, Triton, and Iiuropa, the particles must bc transparent. Addition

of even minute amounts of a strongly absorbing component will rcducc  the sur-
face albcdo  substantially (Clark, ct al. 1984). lior lhcsc high albcdo  rcgo]iths,
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it is questionable whether either in(icpcndcnt  scattering or intcrparticlc shadow-
i n g  i s  applicab]c.

in this paper, wc quantitatively test the dcgrcc  to which the indcpcndcnt  scat[cr-
i ng calculation approximates the intmsity  (Jnd lin(’(~r polar iz(ltiml  of light scat-
tcrcd from a high albcdo  particulate surface. “1’0 accomplish this, wc perform a
controlled cxpcrimcnt. For an optically thick layer of glass sphcm several pm
in radius, with known optical cons[ants  and a known siz,c distribution, wc
rigorously calculate the intensity and linear polarimtion  of scatlcrcd  light
assuming indcpcndcnt scattering. Wc then measure the intensity and polariza-
tion of light scattcrc(t  from a sample surface of these spheres. A comparison of
the calculations and mcasurcmcnts pmvidcs the answers to 2 imporlant ques-
tions: 1 ) Iior an actual pmliculatc  surface wi[h a size distribution of transparent
parlic]cs  whose mean si~,c  and spacing arc similar 10 par(iclcs in the lunar
rcgolith,  dots the scattcrcd  intensity and linear polarization of visible light qual-
itatively  rcscmblc the indcpcndcnt  scat[cring  calculation? 2) What is the mag-
nitude  and character of the diffcrcnccs bctwccn the calculation and the mcas-
urcmcnts?

Sampks  and Mcasurmcnts

‘1’hc particles used in the test sample arc lJnifmm Glass Micrmphcrcs  pur-
clmcd  from Ihkc Scientific Corporation of l)alo Alto, CA, Catalog Number
14611. They arc soda-lime glass high-quality spheres with a size distribution
characlcri~,cd  by a mean radius  4.(lIi111+ /-().9 I111I (standard deviation). ‘l’his size
is chosen to bc similar to the mean scattering radius for visible light  scattcrcd
by particles in the lunar rcgolith,  3<rsca<8pm (Gogucn,  1992). These par[iclcs
arc still large,  compared to the, wavelength and have the size p:iramctcr in the,
Mic calculation, x = 2m/L, in the range x=43+-/-19. ‘1’hc complex index of

refraction as

The specific

The Sanlplc
surface was

supplied by the manufacturer is

n - ik = 1.51- i3.2c-6  (k= 0.589pn1)

gravity of the glass is 2.4-2.5.

dish is cylindrical, 1.27 cm in radius and 1.27 cm deep. A ICVCI

formed without compacting the sample. The sample dish was
filled with particles, then a straight-edge was moved across the rim of the sam-
p]c dish to obtain a flat base surface. “1’hc topmmt fcw mm were added by
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dusting this flat surface will) an even coating of parliclcs from a sieve. The
mean density of the sample layer was 1.07 g/cc, which cmcsponds  10 a poros-
ity (ratio of the specific gravity of the gl:iss  to the sample mean density) of
0.44. ‘1’his is similar to the porosity of the uppermost fcw mm of the lunar sur-
face dctcrmincd  from in situ mcasurcmcnts  (Carrier ct al., 1973).

‘J’o test the optical thickness of the s:imp]c layer, nlcasurcmcnts were made with

2 different sample dishes: onc with a white bottom surface and anothw  with the
bottom painted flat black. Mcasurcmcnts  made with the dctc.ctor viewing the
surface along its normal, emission angle C=() dcgrccs,  and incidcncc  ang]c t= 4
dcgrccs showed the diffcrcncc in the rcflcctancc  of these 2 samples to bc
<().5%, the precision of the mcasurcmcnts. }]ascd on this test, the sample sur-
face. is presumed to have infinite optical depth.

‘J’hc Ckmcll Ckmiomctcr  (Gogucn, 1981) was used to measure the intensity and
linear polarization of light rcflcctcd  from the sample over a wide range of
scat[cring  gcomctrics. ‘1’wo positions of the detector were used, 8.=() and C=(W
dcgrccs. I was varied to scan the largest possible range of phase angle, et, with
the light source, detector anti sample surface normal coplanar. Practical cm-
sidcr:itions  limit lhc r:ingc to 4<cx<70  dcgrccs  for C=() and to 4<(Y,<130 dcgrccs
for 8.=60 dcgrccs. ‘1’hc light source housing begins to block the detector ficlLi-
of-view at Cx<4 dcgrccs. “1’hc wavelengths reaching Ihc (ictcctor were limited to
a narrow passband ccntcrcd  at )d).58911n1  with AML=O.(H.

1/1; is a convenient dimensionless unit for rcpmling the intensity. 1 lcrc the
inci(icnt  collimatc(i  beam has flux nl~ crossing a plane pcrpcnciicular  to its pro-
pagation (iircction  an(i I is the intcmily  of the scattcrc(i  light. ‘1’hc absolute cali-
bration of 1/17 (icpcnds on the assumption that l/1~ for a rcfcrcncc standar(i  san]-
plc is cm t at a single scattering gcmnctry for for each of tile 2 (ictcclor  posi-
tions. Specifically, for C=() an(i 1=30 (icgrccs  an(i for C=60, 1=4, and (x=64
ticgrccs. ‘1’hc rcfcrcncc stan(iard was a surface paintc(i  with IlaS04  (Kmiak
Paint #16( R()). At all other gcmnctrics, 1/]; was scalc(i by ti]c ratio of the photon
counting rate (with the chopped background subtractcci)  to that at the rcfcrcncc
geometry. ‘l’his approach was a(ioptc(i bccausc  the direct mcasurcmcnts  of the
rcfcrcncc surface show that it (icviatcs from cm I behavior by -1 O% at CX<l 5
cicgrccs an(i near the specular point. “1’hc stability of the counting rate was
tcstc(i by mu]tiplc observations at the sarm gcmctry at the start, [iuring, an(i at
the cmi of each run. ‘1’hc absolute calibration of I/F is rdiablc  to -10%.  “1’hc
integration time wits sufficient to rccmi -] O>(KK) photon-counts S(I that  thC Sta-

tistical error in each (iata point is –1 %.
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The nmmrcmcnt  scqucncc  consisted of 3 n]casarcmcnts through a sheet-type
polarizer at O, 45, and 90 dcgrcc orientations. Absolute calibration of the
polar  i~,:ition mcasurcmcmts  wits cmfirmcd  by mcmuring the 1 ()()% linear polar-
imtion of light scattcrcd  from a liquid  distilled w:itcr sample at the }]rcwstcr
anglr?.

lndqmmlcnt  Scatkring  Calculations

11 the parlic]cs scatter imlcpcndcntly,  the intensity and linear polarization  of an
optically thick layer can bc prcdictcd  from first princip]cs  using Mic thcm-y and
the “doubling method” used in atn~osphcric  radiative transfer calculations (llan-
scn and I’ravis, 1974).

‘1’hc first
for each
function

step in this calculation is to intc,gratc,  the Mic scattc.ring contributions
parliclc size over the size distribution to dctcrminc the mean phase
and line.ar polari~,ation for a unit vohmc of tk particles. The Mic

scattering program given in IIanscn and Travis (1974) was used to pcrfcmn this
calculation for the si~,c distribution of the lhkc  glass microsphcrcs cited above.
11) the program, the size distribution was rcprcscntcd  as log-normal with
rg=-3.5354pn~  an(i cJg=().2222  which arc the log-normal siz,c distribution paranl-
clcrs that co]”rcspoJld to the mean parlic]c  size and standard deviation of the dis-
tribution supplied by the ~~):il~~lf:icttll”cr. ‘1’hc impmlant partic]c  siz,c paramckx
in tbc Mic calculation is the r:itio of the particle circumfcrcncc to the
wavelength of light. Ijor this reason, the width of the Ixir[ic]c size distribution
and the ban(iwid(h  of the filter have similar effects on tlm calculations. in this
case and in many other cases of practical intcrcsl

ol<~> >> Ahlh

(Gogacn, 1992)

and the cffccis of the finite filter bmdwidth  arc ncgligib]c  in comparison to the
effects of the broad partic]c siz,c dis[ributim. “J’hc mean pbasc  function and
linear polari~jation, the components of the phase matrix used in the doubling
calculation below, for tbc volume mwrflge  “single” scattering arc shown in fig.
1, for n=l.51, k=3.2c-6,  and k= O.589pm. I’hc sing]c scattering albcdo  is
w=O.9997  and the anisotmpy parameter is g=+ O.786.

As is evident from fig. 1, the partic]cs  scat[cr anisotopically.  ‘J’hc -11 nlagni-
tudc range of the mean phase function corresponds to a factor of -25,0(KI  with
most of the range contained in the forward scattering peak that is confined to
co170 dcgrccs. Such phase functions with strong  forward and backward
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scattering peaks arc typical of transp:ircnt  and semi-transparent spherical parti -
CICS that arc large compared to L ‘1’hc linear polarization shows a “negative
branch” at small v,, a strong “rainbow” fcfiturc which Jmaks near 0,=:]7 dcgrccs,
and comparatively neutral po]arizjation at moderate to large U.

Mu]tiplc scatter-ing can bc rigorously treated for anisotropic  parLiclcs that scat{cr
indcpcndcntly  using the “doubling method” (llanscn  and ‘J’ravis, 1974). Ihrtran
programs writ[cn  to perform the doubling calculation including ]incar polarizat-
ion for atn~osphcric  radiative transfer calculations (POI.l IU1l an(i I’O1. MI JII1’,
R. A. West, pcrsonnal  cc)ll~i~~~ll~ic:ltiol~)  were mmiificd  for application to the
case of an optically thick layer of anisotropic  scatterers. “1’hc program POI. -
I)lJl]  takes the phase matrix that is the output  from the Mic scattering calcula-
tions and pcrfm-m  the doubling calculation to gcncratc  as output  the R-m:itrix
that dcscribcs reflection from an oj~ticall  y thick layer (~= 1024). }Iascd on the
1’01 .MIJ1 ;1’ program that was designed to model a series of multiple layers of
differing optical depths, a ncw routine, POI .SCAT, was crcatcd that calculates
the intensity and polari~ation  for an arbitrary scat[cring  gcmctry  from a single
optically thick layer given the R-matrix as input. (hlcc the 1’01 .l)LJB  program
is run and the 1<-mrrtrix output file is gcncratcd,  1>01 .SCAT rapidly calculates
the intensity and linear polarization for any set of gcomctrie.s  of interest.

‘1’wo imporlant  parameters in the PO] ,IJUII calculation arc the numtm  of Gaus-
sian ordinates and the number of };ouric.r  coefficients. ‘l’hr. Gaussian ordinates
arc used in the calculation of the mnith anglcj  integrals and more terms arc
nccdcd to dcscribc scattering by more anisotropic  plmc functions (Ilanscn and

“J’ravis, 1974). The Fburicr terms arc used to dcscribc the azimuthal variations.
l:or accurate trcatmcmt of the detailed structure an(i anisotropic  character of
phase matrices like those shown in fig. 1 , 50 }kmicr  terms and 48 Gaussian
miinatcs  were usc(i.

‘1’o (icmonstratc convcrgcncc of the (ioubling solution:  fig. 2 cmparcs  the solL]-
tions  oblainc(i  for the cases of 32 an(i 48 Gaussian miinatcs  and 50 ];ouricr
coefficients. ‘1’hc major diffcrcnccs arc in the intensity at ct<5 (icgrccs.  Small
(iiffcrcnccs also occur in the polarization for cK15 cicgrccs in ti]c C=() case. l;or
all oti]cr scattering gcomctrics rclcwmt  to this stuciy, the intensities an(i polari-
Z,[ltiOIN  C;ilCU]iltCd  With  32 lid 48 ~JilUssi[lll  OIdilMtCS 21rC  IICNIY i(icllticii].

‘1’hcsc  calculations were pcrformc(i  on a Sun4 processor an(i require approxi-
lH~ltC]y so h{)llrs Of cpll tin~c  for 48 ~JflUssh Odil)aks. I’hc cpu time rcquirc(i
is proportional to the square of the number of ordinates. “1’hc R-matrix output
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file occupies -8 Mb. Pm the remaining calculations an(i discussion, wc will
llsC 48 ~J~USSi~ll dill~@S ~I)(i 50  ];oll~iCr  tCM[lS.

Comparison of nlcasurcnwnk  and calculations

I;ig. 3 compares the results of the calculations to the gol~iol~~ctcr  l~~cas\lrcll]c~~  ts.
A “prediction” (Appendix A) calculation was done prior to making  the mcas-
urcmcnts  so that the geometric sampling would bc adequate to detect the antici-
pated intensity and polari~.ation  features. ‘I”hc basic  features of the calculations
arc rcpmiuccd in the mcasurcmcnts,  both for C==() andr=(io  dcgrccs.

In the intensity, the 2 maxima at CX<20 dcgrccs  prcdictcd  by the calculations arc
seen in tlm data at the cxpcctcd gcomctrics. liwc.=(), the second intensity peak
near (x=1 7 dcgrccs  is smaller than the calculated peak and for 1 ()<(x<6()
dcgrccs, the measured intcnsily is IO-2(F% less than the calculated intcnsily.
l;or c=(l)  dcgrccs, the 20-3(X% dccrcasc  in the calculated intensity at {x=5
dc~rccs, comparcci  to the intensity at u=5 (icgrccs and cd dcgrccs,  is measured
indicating that the t and c. dcpcn(icncc  of the imlcpcndcnt  scattering approxima-
tion is rcasmab]c.  At D40 dcgrccs,  the measured intensity is 10 to as much
as 40% (at et=) 30 dcgrccs) ICSS  than the calculated intensity.

in the polarization, both the prcdictcd  “negative branch” at (x<l O dcgrccs md
the positive maximum at (x-l  5 dcgrccs  arc quantitatively reproduced in the M)
mcasurcmcnts. I;vcn the prc(iictc(i  significant incrcasc in the polarization  n~ax-
imum bctwccn the c=() an(i c=(X) dcgrcc gcomctrics is seen in the (iata. ‘J’hc
only significant discrepancies bctwccn  tile calcu]atcd  anti measured polarization
am that the measured peak polarization  of the minbow  is not as large as
prc~iictc(i  an(i the small polarizations for cx>90 (icgrccs witi~ G60 (icgrccs arc
somewhat larger than those calculalc(i.

l)iscmsion

l:ig. 3 si~ows that the exact calculation of in(icpcn(icnt  scattering can bc

cxpcctc{i  to give an cxccllcnt quatitativc  prediction of the linear polarization
an(i a useful approximation to ti]c intensity of light  scattcrc(i  from i~igb al bccio
planetary rcgoliths. ‘1’hc specific case tested uses a sample with porosity similar
to the ]unar rcgo]ith  anti particles of a simi]ar mean si~c to those that (iominatc
visible wavelength light scattering in the lunar rcgolith. “1’his  conclusion can bc
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cxpcctml  10 bc valid  for transparent parliclcs that are large compared to the
wavelength and porositics that arc smaller than or approximately equal to 0.4.
Specifically, this result should  nol depend on the parlic]c shape, the values  of
the optical constants, or the wavelength of light  as long as the particles arc
tr:insparcnt  and large compared to the w:ivclcngth.

‘1’hc dcgrcc of mismatch between the calculations and the data in fig. 3 is intcr-
prc.tcd as a n?casurcment  of the net effect of close-p:ickitlg of the particles.
lktilre cffor[s at n~odclling  scattering by close-packed tr:insp:ircnt parliclcs may
fiid  this misinatch to be an imporlant  dat:i set which suggests physicttl nlcc}~an-
isms that may be responsible for the effect. Note th:it  this mism:itch  dots not
resemble the enhanced backscat[criilg  bch:tvior  that charactcriy,cs  the models of
ii~tcrpar[icle  shadowing (e.g., 1 ]apkc, 198 1; ]rvinc 1966) hit pertain to rcgoliths
o f  l:irgc op:iquc  p:irliclcs. ~;litlllC work  th:tt COnlp:llCS thC iIK]CJICIlddllt SC:ittCr-

ing  c:ilcul:ition  to n]c:isurcmcnts  (m s;implcs  of different pmositics  i s  suggested.

ApJmndix  A comp:ires  the rigorous calcti]:ition  of multiple  scattering by these
:inisotropic  p:irticlcs  to the rc.su]t  obtained using the popular isotropic multiple
scattering approximation. l~or anisoptropic  phase functions with both forw:ird
and b:ickward  sc:it[cring  pc.aks, approxim:itiilg  the multiple scattering as th:it  for
isotropic particles results in a significant ~lll(lcrcstiillatio~l  of the b:ickw:ird scat-
tcrcd intensity (fig. Al).

‘1’hc only physical characteristics of the “rcgolith” liSCd to calculate  both the
intensity and linear polar  i~,ation  in this test were the size distribution and opti-
cal constants of the glass spheres. Hor other large transparent particles with
shapes and orientations for which the ph:ise m:itrix c:in be dctcrinincd, the
indcpcndcnt scattering calculation can be expected to give useful results siinilar
to this test case. “J’hc cxpci-imcnt  and calculations dcscribc(i  here arc an in~por-
tant first step towards a model that should enable rcli:iblc q~l:intit:itive  infornl:i-
tioil on the composition and size distribution of par(iclcs in high albcdo  rcgol-
iths to be deduced from photometric, spectroscopic, :Ind pol:irimctric  mcasurc-
mcnts.

Appendix A. The ]sotropic  Multiple Scatlcring  Approximation

Some widely used modc]s  for scat(cring  in p]:inct:try  rcgoliths  (e.g., IIapkc,
1981 ; G3guen, 198 1) approximate the multiple sc:ittcring  component of the
intensity [is th:it for isotropic scattering. in this isotropic mtiltiplc  scattering
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(lMS) approximation, the single scattering is c:ilculatcd  exactly ai~d higbcr ord-
ers of scattering arc approximatc(i  by isotropic scat[cring  using  the }1-functions
for isotropically scattering p:ir[iclcs with the same single scattcril~g albcdo
(Cll:ll~(lr:isckh:lr,  1960). ‘I’l~is apprc):lcll  ll:istllc (listi]~ct adva~lt:igc  tll:ittl~cc:ilc~l-
la{ion  is fast and easy. IIapkc (1981) gives a convenient and simp]c  analytic
expression that approximates the isotropic Ii-functions within  a fcw pcrccnt.

in this paper, the exact calculation of multip]c  scattering for a realistic single
parlic]c  phase function provides an oppmlunity 10 qwmtitativc]y  tcsl the accu-
racy of the IMS approximation for surfaces of high albrflo partic/e,~  with (]ni,~o-

Iropic  p}lase ft4nctimlLv  with  hth forward {4nd b[4ckw{4rd  sc:{4ttcring p41(4kL7.

IIccamc  this test involves only a comparison of thccxact  and approximate cf4l-

c/41ari(n/s,  t h e  goni(mctc.r  mcasurcmcnts  w i l l  n o t  bc (Iiscusscd  f u r t h e r  in t h i s

appcmdix.

An obvious extension of the lMS a]~l~r[)xil~l:lti(J1~  wil
estimate, of the linear polarizjalion.  1~.t

bc made to include an

J=l’1l(u) +ll(~l)ll(}[())-1 ( A l )

wlmrc P]](a) is the sing]c  parlic]c phase function  that is the first c]cmcnt of
the phase matrix dcrivc{i  from the Mic scattering calculation, 11 is the 11-
func[ion  for isotropic scattering evaluated for the parliclc  albcdo  w, ~[ and po
arc. the cosines of the. emission md  incidcncc,  angles, rcspcctivc]y,  and u is the
phascanglc.  Then the IMS approximation forth cintcnsityis

l/I~L(w/4) p(Y(}1+po)J (A2)

an(i for the linear polarization

p = -1’21 (et) / J (A3)

where the multip]c  scattering component is assumed unpolarized and P21 (et) is
the linear polarization component of the phase matrix also derived from the
Mic scattering calculation (Ilanscn and “1’ravis, 1974). l;ig. Al compares the
exact calculation obtained using  the doubling method to the IMS approximation
for both the intensity and linear polarization  of k=O.589pm light scattcrcd  from
the size distribution of glass spheres dcscribcd  in the text.

]Or both emission ang]cs,  the IMS :lp]>roxilll:ltiol~”  significantly undcrcstimatcs
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. .

h cxad calculation of the intensity at phase” angles <30 dcgrccs.  As a cm]sc-
qucnce, any mode] that assumes IMS and altcrnpts  to match the intensity at <30
ticgrccs  phase angle will bc forced to cnhancc the backscattcrcd  component
using other model pararnctcrs to compensate for the approxim:itc  treatment of
multiple scattering.

‘1’hc 1 MS approximation to the linear polariz,ati(m  (cq. A3) qualitatively matches

t h e  cxad calculat ion with  the  major  (ii ffcrcncc  bctwcc.n  thctn bci]~g  the m allcr

maximum polarix,ati(m  of the rainbow feature in the 1 MS approximation.

‘1’hc author gratcful]y acknow]c(igcs  contributions from R. A. West, who pro-
vi(ic(i lKIR’1’RAN  programs for the (ioubling  calculation inclu(iing  polar intion
that were the starting point for these calculations, J. Vcvcrka  for access to the
Cornell Goniomctcr,  I). Kane of IXlkc Scientific, inc. for assistance in the
(ict:ii]cd  (inscription of the g]ass parlic]cs,  an(i p. J. ~J[)~llcll  for sharing various
sources, (inscriptions, an(i samples of cmnmcrcial  spherical particles.
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l~igure Captions

IJig. 1. Mic scattering calculations of the mean phase function (a) and linear
polarintion  (b) for “sing]c  scattering” by the size distribution of gl:iss spheres
(iCSCribCd ill thC tCXt  Wi(h Ii=:]  .5 ] , k==3.2C-6,  :ill(i  ?4589}IJII.

liig. 2. Gmparison of lhc calculated intensity and linear polarization for an
optically thick l:iycr of the sixc distribution of the glass spheres using 50
l’lmricr terms and 32 (dashed line) and 48 (solid line) Gaussian oridinatcs.  a)
lntcnsit y for r.= O; b) Polarization for c=();  c) lntcnsity for EA() dcgrccs;  d)
1’01 arimtion for 0=60 dcgrccs.

l:ig. 3. Gmparison  of the calcu]atcd  intensity (l/l;) and linear polarization
assuming indcpcndcnt scattering (solid line)
(points) for the sample hig}~ nlbcdo  “rcgolith”
f.={); b) Polar i7,ation  for C=(); c) lntcnsity for
F.=(l)  (lcgrccs.

to the goniomctcr mcasurcmcnts
of glass spheres. a) lntcnsity for
E=60 dcgrccs;  d) 1>01 ari ?Jation  for

l~ig. A 1. Gmlparison  of the, doubling calculation of the. intensity (1/1;) and
linear polarization (solid line) 10 the isotropic multiple scattering approximation
(cqs. A 1 -A3) for the intensity and polariz,iition  for the phase matrix clcmcnts
shown in fig. 1. a) ]ntcnsity for c=(); b) lkdari~,ation for H); c) lntcnsity  for

c.=-60 dcgrccs; d) Polarization for c=(X) dcgrccs. Notice
mation  undcrcstimatcs  the backscattcrcd in tens i ty  for
scat[cring  partic]cs.

that the IMS approxi-
thcsc  anisotropically
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